Sulfate-reducing bioreactors are a promising option for the treatment of acid mine drainage. We studied the structure and function of a biofilm in a methanol-fed fixed-bed in-lake reactor for the treatment of an acidic pit lake by a combination of laboratory incubations, chemical and molecular analyses and confocal laser scanning microscopy to determine whether competition by different groups of microorganisms as well as the precipitation of minerals affect reactor performance negatively. The biofilm growing on the surface of a synthetic carrier material consisted of dense microbial colonies covered by iron-sulfide precipitates. The microorganisms continuously had to overgrow this mineral coating, resulting in a high biomass turnover. About one third of the added methanol was used by sulfate reduction, and the rest by competing reactions. Sulfate-reducing bacteria as well as methanogens and acetogens were involved in methanol consumption. Six different groups of Deltaproteobacteria, dominated by the genera Desulfomonile, Desulfobacterium and a phylotype related to Geobacter, Gram-positive sulfate reducers of the genus Desulfosporosinus, acetogenic Acetobacteria, different fermenting bacteria as well as methylotrophic methanogens were identified. The versatility of the microbial food web is probably an important factor stabilizing the biofilm function under fluctuating and partly oxidizing conditions in the reactor.
Introduction
Lakes affected by acid mine drainage are a major environmental problem in many mining areas (Geller et al., 1998) . Such lakes are characterized by a low pH (usually between two and three) and high concentrations of iron and sulfate. Strategies for the treatment of acid mine drainage include passive techniques such as constructed wetlands, anoxic limestone drains, reactive barriers (Gazea et al., 1996; Skousen et al., 2000) , in-lake treatment with organic substrates or 'active' reactor systems. Sulfate-reducing bioreactors are a promising method for the treatment of acid mine drainage (Lens et al., 1998 (Lens et al., , 2002 Hulshoff Pol et al., 2001; Kaksonen & Puhakka, 2007) because the use of sulfate-reducing bacteria (SRB) has the advantage that acidity, sulfate and iron are removed from the water in one process. Most studies were carried out with laboratory or ex situ systems such as fixed-bed, fluidized-bed or upflow anaerobic sludge blanket reactors. Applied electron donors included ethanol, methanol, lactate, hydrogen or complex organic substrates (reviewed in Neculita et al., 2007 , Kaksonen & Puhakka, 2007 and Geller et al., 2009 .
During the last few years, an in situ reactor system for the treatment of acidic mining lakes has been developed. The system comprises a fixed-bed reactor that is floating in an enclosure in the lake (Luther et al., 2003) . First runs using ethanol as a substrate resulted in incomplete oxidation and accumulation of acetate (Koschorreck et al., , 2004 . Because of clogging problems, the fixed bed was changed from straw to an artificial carrier material. The optimized reactor system using methanol as a liquid substrate was successfully run for 8 months, reaching a sulfate reduction rate of 2.9 mmol L À1 day À1 (Preuss et al., 2007) . These rates are at the low end compared with the literature data of comparable reactors (Nevatalo et al., 2010) and multiple reactors would be necessary to treat a whole lake in a reasonable time. Besides, by other factors (e.g. temperature, electron donor), the performance of sulfate-reducing fixed-bed reactors is probably limited by competing microbial reactions and by precipitation of sulfide minerals in the biofilm. The field test with the in situ reactor indeed showed that only a part of the methanol was used by SRB. The formation of methane was observed, but could not be quantified. To determine to what extent different physiological groups contributed to carbon cycling in the reactor, we studied the microbial community colonizing the carrier material and analyzed the carbon flow in a laboratory incubation experiment. The biofilm in our reactor was covered by a black iron-sulfide layer, which might have affected the SRB. It has been proposed that precipitated metal sulfides can inhibit SRB activity by forming a barrier that prevents the access of reactants to the cells (Utgikar et al., 2002) or by changing the hydrological conditions in fixed-bed reactors (Jong & Parry, 2003) . The effect of metal precipitation on sulfate-reducing biofilms, however, is not well understood. In order to gain an insight into the interaction of microbial activity and the formation of precipitates, we studied the composition and structure of biofilms on the carrier material using molecular techniques, chemical analysis and confocal laser scanning microscopy (CLSM).
Materials and methods
In situ reactor operation and sampling An in situ reactor (Supporting Information, Fig. S1 ) was operated in Mining Lake 111 (Lusatia, Germany) as described previously (Preuss et al., 2007) . The basic design of the reactor was a polyethylene barrel (height 4.5 m, diameter 2.4 m) filled with a fixed bed of synthetic (high-density polyethylene) carrier material as a substratum for biofilm growth (Fig. S2) . The curler-shaped carriers had a diameter of 3.6 cm and a surface area of 0.0145 m 2 (Type H2X36, Stöhr, Germany, http://hel-x.eu/cms/front_content.php?idcat=57&lang=3). The reactor contained about 186 000 of these carriers. It was floating in the lake and, thus, temperature in the reactor was determined by the in situ temperature (8-27 1C). Energy supply for pumps and measuring instruments was provided by solar panels and wind energy. The water inside the reactor was circulated by a pump at a flow rate of 1200 L h À1 . Methanol was continuously added to this circulating current (mean concentration 12.4 AE 11.8 mmol L
À1
). Acid water from the enclosure (Table 1) 
Incubation experiment
Six tubes containing one carrier each in a liquid volume of 138 mL were incubated vertically on a stirrer at 15 1C in the dark (Fig. S2) . One day after sampling, 20 mmol L À1 methanol (final concentration) was injected. One hour after methanol addition, the first sample of 5 mL of water was taken using a syringe through the stopcock. The sample volume was replaced by nitrogen gas. For methane analysis, 1 mL of the sample was immediately injected into a crimped glass vessel (14.2 mL). A sample of 1 mL was filtered through a 0.1-mm nylon filter and stored in a glass vial for acetate analysis. A sample of 2 mL was filled into a glass vial for methanol and sulfate analyses. The pH was measured in a drop of sample water using an ISFET pH meter (IQ120, IQ Scientific, Carlsbad). Additional samples were taken after 1, 4 and 6 days. The rates of different processes were calculated by linear regression of the concentrations vs. time. At the end of the experiment, the tubes were opened and the carriers were taken out for further analysis.
Analytical methods
Methane in the headspace of sample vials was analyzed by GC and the concentration in the sample was calculated using Henry's law. Methanol was analyzed by headspace GC using a capillary column Rtx s -BAC2 (30 m Â 0.53 mm, 2 mm) at 40 1C, carrier gas H 2 (21.1 mL min À1 ) and detection with a flame ionization detector. Acetate was analyzed by HPLC and SO 4 2À by ion chromatography (Koschorreck et al., 2004) .
For biofilm dry weight determination, the biofilm was quantitatively removed from the carrier by a combination of scratching and ultrasonic treatment. To determine the elemental composition of the biofilm, some scraped material was analyzed using a CNS analyzer (Vario EL, Elementar, Hanau, Germany). Total dissolved Fe was analyzed by ICP-OES. Soluble reactive phosphorus and ammonium were analyzed photometrically using continuous flow analysis . Dissolved organic carbon (DOC) was analyzed by infrared spectrometry using a TOC-analyzer (Dima TOC100, Dimatec, Germany).
Microbial biomass and most probable number (MPN) determination
For estimating the total viable microbial biomass, a freezedried biofilm was scratched from the carrier and the phospholipid phosphate content was determined (WendtPotthoff & Koschorreck, 2002) . To provide comparison with cultured bacterial populations and microscopic counts, lipid phosphate concentrations were converted to cells mL À1 using biofilm density and the conversion factors from Balkwill et al. (1988) , assuming that 50 mmol phospholipid phosphate corresponds to 1 g dried biomass or 2 Â 10 13 cells. Viable cell numbers of acidophilic iron reducers (acFeR), neutrophilic iron reducers (FeR) and SRB in the incubation water and biofilms were determined by a MPN technique using selective media Meier et al., 2005) . To check for methanol-utilizing organisms, each of the media was also prepared with 10 mM methanol instead of the original carbon sources. Single carriers in 100 mL anoxic mineral medium were treated in an ultrasonic bath for 30 min. The resulting inoculum was serially diluted in deep-well plates with the respective media, and these MPN cultures were incubated anoxically (Merck Anaerocult s A mini, Darmstadt, Germany) for 6 weeks in the dark at 20 1C. MPN and their 95% confidence limits were calculated using the program of Klee (1993) . Statistical tests were performed using the statistics package of SIGMA-PLOT 11.0.
Molecular-genetic analysis
DNA was extracted directly from the carriers according to Maher et al. (2001) . Bacterial and archaeal 16S rRNA gene fragments were PCR amplified using the Bacteria-specific primers 27F and 1492R (Lane, 1991) and the Archaeaspecific primers 21F and 958R (DeLong, 1992) , respectively, and cloned as described elsewhere . Clone libraries were screened by amplified ribosomal DNA restriction analysis (ARDRA) with restriction endonucleases AluI and HaeIII (New England Biolabs). Representative clones were partially sequenced according to Kleinsteuber et al. (2006) using the sequencing primers 27F and 519R (Lane, 1991) for bacterial clones and 21F and 519R (DeLong, 1992) for archaeal clones. The BLASTN tool (http://www.ncbi.nlm.nih.gov/BLAST) (Altschul et al., 1990 ) was used to search for similar sequences in the GenBank database, and the SEQMATCH tool was used to search for similar sequences compiled by the Ribosomal Database Project release 10.0 (http://rdp.cme.msu.edu) (Cole et al., 2007) . The phylogenetic analysis of bacterial sequences was accomplished using ARB software, version ARBuntu 1.0 (http://arb-home.de) (Ludwig et al., 2004) . The sequences determined were initially aligned to the SILVA SSURef database release 92 (http://www.arb-silva.de) (Pruesse et al., 2007) by the ARB positional tree server and added to the SILVA tree using the quick add parsimony tool and applying a Bacteria-specific filter. The alignment was verified by comparison with the next relative sequences and corrected manually. The final position within the SILVA tree and bootstrap values were calculated using the parsimony interactive tool. The determined 16S rRNA gene sequences were deposited in the GenBank database under accession numbers EU595790-EU595845 (Bacteria) and EU853857-EU853861 (Archaea).
Terminal restriction fragment length polymorphism (T-RFLP) analysis of bacterial 16S rRNA gene fragments was performed using the restriction endonucleases AluI or RsaI as described previously . T-RF values of the dominant phylotypes represented in the clone library were determined by T-RFLP analysis using the corresponding clones as a template and were used to assign peaks to the respective phylotypes.
CLSM
Microbial biofilms on the carrier material were examined after staining with nucleic acid-specific fluorochromes. For this purpose, small pieces cut of the plastic carrier were placed in a cover well imaging chamber stained with Syto9 (Molecular Probes, Eugene, OR) and incubated for 5 min. For CLSM, a TCS SP1 (Leica, Mannheim, Germany) with an upright microscope, controlled by the LEICA CONFOCAL software version 2.61 Build 1537, was used. Microbial communities were imaged using the Â 63 0.9 NA and Â 63 1.2 NA objective lenses. The settings for excitation and emission/detection were as follows: excitation with an argon laser at 488 nm, detection of reflection from 480 to 500 nm and of Syto9 from 500 to 550 nm. As the microbial communities were frequently covered with black iron sulfides, the samples were incubated in 0.5 M HCl for 25-120 min before staining.
After HCl treatment, the samples were washed with tap water and stained with Syto 9. Images were projected using IMARIS version 6.1.3 (Bitplane, Zuerich, Switzerland). All image data sets including the 3D isosurface projection and maximum intensity projection were filtered using Gauss 0.31. The biovolume was calculated with IMAGEJ extended by a self-developed plug-in. As methanogenic archaea contain the fluorescent cofactor F420 (Cheeseman et al., 1972) , they can be identified by their autofluorescence under UV light. Thus, excitation with a UV laser was used to localize methanogenic archaea.
Results

Biofilm composition
The carrier material in the in situ reactor was uniformly covered by a solid o 1-mm-thick black biofilm. The black color indicated the presence of iron sulfide. About half of the biofilm dry mass consisted of iron and sulfur (Table 2) . Biomass as determined by phospholipid phosphate analyses accounted for 11% of the biofilm. Assuming that 50% of the prokaryotic biomass consists of carbon, a total microbial biomass of 43.2 mg per carrier was calculated from the carbon analysis (Table 2) , which is 16% of the biofilm dry mass. Light-microscopic observation of the suspended biofilm showed the presence of rods and small coccoid bacteria (Fig. S3 ), but only a few cells were visible using CLSM [0.3 AE 0.3% of the scanned volume (n = 8), Fig. 1a] . The reflection signal showed that the biofilm consisted mainly of a nonliving matrix, probably iron sulfide (Fig. S4) .
After treating the carrier material with 0.5 M hydrochloric acid to dissolve the mineral matrix, more cells became visible (Fig. 1b and c) . Four times higher biovolumes were determined after 60 and 120 min of pretreatment compared with 30 min of pretreatment (Fig. S5) . After 120 min of treatment with HCl, the biofilm seemed to disintegrate, suggesting that either the mineral matrix or the extracellular polymeric substances were stabilizing the biofilm. The bacteria appeared to grow in layers that were interrupted by layers of mineral material. In some CLSM images, the acid treatment created 'windows' in the mineral matrix through which the underlying bacterial layer became visible. The cells looked rather similar, mostly small cocci that appeared to grow in dense colonies. The small cocci showed autofluorescence under UV light, suggesting that at least a great part of them were methanogens (Fig. 1d) . Two carriers exhibiting low and high microbial activity in the incubation experiment were further analyzed by CLSM. The biovolume of the carrier with a high methane formation rate was not statistically different from a carrier with a low methane formation rate. On the more active carrier, bacteria seemed to grow in defined microcolonies while on the other carrier colonies were smaller and bacteria were more scattered ( Fig. 1e and f) .
Composition of the microbial community
The composition of the microbial community in the biofilm was analyzed using molecular methods. From four replicate carriers directly taken from the in situ reactor bacterial 16S rRNA genes were PCR amplified and cloned. In total, 384 clones were screened by ARDRA. Fifty-six clones representing 19 operational taxonomic units were partially sequenced (Table S1 ). Most of the identified phylotypes were affiliated to six different groups of Deltaproteobacteria (Fig. 2) as well as to the genus Desulfosporosinus, indicating that the bacterial community was dominated by sulfate reducers. T-RFLP profiling of bacterial 16S rRNA genes revealed a high relative abundance of two phylotypes related to the genera Desulfomonile and Desulfobacterium in all samples, whereas a phylotype related to the genus Geobacter was predominant in samples 6, 8 and 9, but virtually absent in sample RSW (Fig. S6) . Compared with the other samples, sample RSW displayed a distinct low diversity and was predominated by the two deltaproteobacterial phylotypes related to Desulfomonile and Desulfobacterium.
Besides SRB, a number of other phylotypes affiliated to the Methylophilaceae, Planctomycetes, Spirochaetes, Chlorobi, Acidaminococcaceae, Syntrophaceae, Syntrophobacteraceae, the candidate phyla OP10 and TM6, and the genera Ralstonia and Acetobacterium were present in the clone libraries (Table S1 ).
Archaeal 16S rRNA genes could be amplified only from sample 6. ARDRA patterns of 96 screened clones displayed a low diversity. Five clones were partially sequenced, all belonging to the genus Methanomethylovorans of the Methanosarcinaceae (Table S1) .
MPN counting confirmed a high abundance of SRB in the incubation experiment, both growing on methanol or acetate/lactate (Table 2) . We also counted iron-reducing bacteria, because these organisms are important for the lakes' biogeochemistry and the acid water contained high concentrations of ferric iron. The numbers of neutrophilic FeR growing on methanol or acetate/ethanol were two orders of magnitude lower than the SRB counts while there were only a few acFeR. Counts with methanol or alternative substrates were not significantly different, except for acFeR (Mann-Whitney rank sum test, P = 0.002). 
Biofilm activity
In incubations of single carriers, both methanol and sulfate were consumed, while there was a production of methane and acetate (Fig. 3) 
According to these equations, methanol consumption by sulfate reduction, methanogenesis and acetate production were 0.08, 0.04 and 0.008 mmol day À1 per carrier, respectively. The comparison with the methanol consumption rate of 0.23 AE 0.05 mmol day À1 per carrier showed that 44% of the methanol consumption was unaccounted for. In terms of the fate of added electron donor, about twice as much methanol was used for sulfate reduction as compared with methanogenesis.
Discussion Biofilm composition
It has been proposed that active SRB are directly encrusted in a matrix of precipitated metal sulfides, which would inhibit the transport of reactants (Herbert et al., 1998; Utgikar et al., 2002; Jong & Parry, 2006) . To our knowledge, inhibition of bioreactor performance by this effect has not yet been confirmed (van Houten et al., 2006) . Our data suggest that precipitation of sulfides at the cell surface was not a problem in the reactor. The CLSM images imply that the bacteria were not evenly distributed in the biofilm, but were growing in layers, which were then covered by mineral layers. Not each individual cell was encrusted in iron sulfide, but the bacteria were growing in dense colonies that were encrusted as a whole. We assume that in order to maintain in contact with the medium, the bacteria have to overgrow the precipitates continuously, which is in agreement with the high biomass formation rate in our laboratory assay. A comparison of the living biomass content as calculated from the lipid phosphate analysis with the total biomass as calculated from the carbon content showed that about one third of the biomass was not explained by living cells. This fraction could be composed of extracellular polymeric substances forming a cohesive matrix or to some extent dead biomass. The Fe/S ratio of the mineral precipitate of 0.72 shows that it was either a mixture of FeS and FeS 2 or consisted of a mineral-like greigite (Fe 3 S 4 ), confirming earlier results (Preuss et al., 2007) . Greigite has also been detected in SRB enrichment cultures (Herbert et al., 1998) . The formation of a more complex mineral-like greigite instead of FeS is an additional hint that iron sulfide precipitation did not take place directly at the cell surface, but in the reactor fluid.
Recent studies have shown that anoxic reactors for the treatment of sulfate and metal-rich waters are typically dominated by microbial sulfate reduction and that the phylogenetic diversity of the microbial communities is comparably small (Auvinen et al., 2009; Bijmans et al., 2009; Dar et al., 2009) . In contrast, the microbial community in our reactor was rather diverse, with the majority of the identified phylotypes belonging to SRB, homoacetogens and methanogens. One reason for this diversity might be the fact that the conditions in the reactor were partly oxidizing. Because the upper part was open to the atmosphere and oxygen containing water was fed into it, the oxidation of some H 2 S to S 0 surely occurred. Indeed, we frequently observed a milky turbidity in the upper part of the reactor, which was probably caused by elemental sulfur. Known Desulfuromonas sp. are using elemental sulfur, but not sulfate, as an electron acceptor and are able to oxidize acetate to CO 2 (Widdel & Pfennig, 1991 ), but do not utilize methanol (Pfennig & Biebl, 1976) . The formation of a mixed Fe II /Fe III mineral-like greigite and the detection of methanotrophic bacteria are consistent with partly oxidizing conditions in the reactor.
Compared with studies with laboratory reactors, where the sulfate-reducing community was dominated by Desulfovibrio Dar et al., 2009) or Desulfomicrobium (van Houten et al., 2006; Auvinen et al., 2009) , the sulfate-reducing community in our reactor was diverse and dominated by Desulfomonile-like sequences. Phylogenetic analysis with ARB revealed that they were not closely related to cultivated members of the genus Desulfomonile. The two known Desulfomonile sp. isolated so far are able to dehalogenate halobenzoates under anoxic conditions. Desulfomonile tiedjei does not grow on methanol or acetate (Deweerd et al., 1990) . Desulfomonile limimaris does not grow on acetate (Sun et al., 2001) . Acetate oxidation has only been demonstrated in enrichment cultures containing Desulfomonile sp. with thiosulfate as an electron acceptor (Widdel & Bak, 1991) . Maybe relatives of the genus Desulfomonile are metabolically more versatile than anticipated from the known isolates. Interestingly, our sequences were closely related to clones retrieved from an acidic fen (Loy et al., 2004) , possibly representing an ecotype adapted to acidic habitats.
Similarly, Desulfosporosinus sp. appear to be especially adapted to low pH. They were the dominant cultivable SRB in the sediment of a large-scale passive remediation experiment carried out in Mining Lake 111 (Meier et al., 2006) , and acid-tolerant strains have recently been isolated from AMD-impacted sites (Lee et al., 2009; Senko et al., 2009) . A diverse biofilm growing on pyrite crystals incubated in microcosms also contained a Desulfosporosinus sp. (Jin et al., 2008) . The ability of Desulfosporosinus strains to oxidize methanol and to use partly oxidized sulfur compounds make them especially adapted to the conditions in our reactor. Desulfosporosinus orientis is one of the few known methanol consuming SRB. In the absence of sulfate, it grows homoacetogenically (Klemps et al., 1985) .
Acetobacterium sp. are Gram-positive, non-spore-forming homoacetogenic bacteria, of which many are able to convert methanol to acetate (Schink & Bomar, 1991) . Geobacter sp. are Fe(III) reducers able to utilize acetate, but not methanol (Caccavo et al., 1994; Coates et al., 1996) . In the absence of ferric iron, Geobacter sulfurreducens is able to convert acetate to H 2 , provided a H 2 -consuming syntrophic partner is present (Cord-Ruwisch et al., 1998) . Thus, in our reactor, Geobacter was probably involved in acetate consumption. The related Pelobacter sp. are chemoorganoheterotrophs fermenting a narrow range of substrates and have been shown to grow in syntrophic association with methanogens (Schink & Stieb, 1983; Schink, 1984) . They may also use Fe(III) and S(0) as electron acceptors (Lovley et al., 1995) and thereby take advantage of partly or temporarily oxidized conditions in the reactor like the Desulfuromonas sp. Our results show that organisms well known as iron reducers were relevant, but probably carried out reactions other than iron reduction, namely S 0 reduction and/or syntrophic degradation of the organic substrate.
Methanogenic archaea of the genus Methanomethylovorans are obligate methylotrophs that do not oxidize acetate. Thus, in our reactor, methanogens were probably not involved in acetate consumption. The type strain Methanomethylovorans hollandica converts dimethyl sulfide to CH 4 , CO 2 and H 2 S and thus tolerates high H 2 S concentrations. The coccoid cells are growing in large cell clusters (Lomans et al., 1999) very similar to the methanogens in our CLSM images (Fig. 1d) .
Biofilm activity
During reactor operation, sulfate reduction rates between 0.03 and 1.1 mmol L À1 h À1 had been observed (Preuss et al., 2007) . Our rates are within this range and thus our incubation experiment is comparable to the field situation. Based on the results of our incubation experiment, we propose a carbon flow scheme for the biofilm on the carrier material (Fig. 4) . Methanol is directly converted to CO 2 by SRB, but some sulfate reducers may also utilize acetate produced by acetogenic bacteria. At a low or a moderate temperature, methanol is a less common electron donor for SRB and enrichments with methanol usually select for methanogens despite the presence of sulfate (Rabus et al., 2006) . Sulfate reducers well known for their ability to utilize methanol (Desulfovibrio, Desulfotomaculum) were not detected and were probably of minor importance. Thus, a large proportion of the SRB in our reactor might have used acetate or molecular hydrogen and CO 2 produced by acetogens. ) are the net rates of product formation.
It is also possible that acetate was converted to H 2 /CO 2 by a Geobacter in combination with a syntrophic H 2 -consuming SRB (Cord-Ruwisch et al., 1998) , with both reactions coupled by interspecies hydrogen transfer (Heijthuijsen & Hansen, 1986) . The detection of sequences related to Syntrophobacter and Syntrophaceae is consistent with this interpretation. Thus, methanol consumption under sulfate-reducing conditions was probably carried out by a consortium of methanol-consuming homoacetogens, acetateconsuming fermenters and acetate-and/or H 2 -consuming SRB. Gross acetogenesis was probably higher than anticipated from the low acetate accumulation rate. Because the only methanogens detected were methylotrophs, we conclude that acetate was probably almost exclusively used by sulfate reduction.
The unaccounted methanol consumption can theoretically be attributed to microbial denitrification, iron reduction or aerobic respiration with traces of oxygen that might have contaminated our experiment. We consider these processes quantitatively of minor importance, because the nitrate and ferric iron concentrations in the reactor were below the detection limit. Oxygen was probably scavenged by free sulfide, which was present in concentrations around 0.7 mmol L À1 (Table 1) . A large part of the missing carbon was most probably converted into microbial biomass and EPS or DOC. Assuming a biomass composition of hCH 2 Oi, this means a biomass formation rate of 3 mg day À1 per carrier. Together with the information on the biofilm composition, we conclude that there was probably a high turnover of microbial biomass in the reactor as the bacteria were continuously covered by iron sulfide and as a consequence had to overgrow the deposited mineral.
Implications for the bioreactor
In the reactor, a microbial food web was involved in methanol consumption. About one third of the added substrate was used by sulfate reducers, and the rest by competing reactions. It will be difficult to further increase substrate use efficiency because a considerable part of the methanol was used for biomass growth. The biofilm in the reactor was a very close association of bacteria with minerals formed by the microbial activity. The continuous coating of the biofilm with new iron sulfide precipitates promoted a high biomass turnover. We have no evidence for an inhibition of sulfate reduction by precipitated minerals. One may even speculate that the mineral matrix might increase activity by increasing the surface area of the biofilm.
The microbial community in the reactor was diverse and consisted of organisms well adapted to the conditions in the reactor. The presence of 4 70% of the identified bacteria could be explained by the processes observed in the reactor. This shows that the microbial food web is well understood. Diversity might have supported the stability of the process under variable and partly oxidizing field conditions.
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